Propagation characteristics of methane-air deflagrations through an end-to-end pipe were investigated using the AutoReaGas software. The results indicate that the maximum overpressure first decreases and then increases with increasing distance from ignition source, and the overpressure minimum occurs at approximately 3.4 m. When shockwaves from the intake and return airways meet, a positive superposition effect forms, generating maximum overpressure, density, and combustion rate values that are larger than the same values at adjacent points. The explosion parameters along the intake airway are similar to the parameters along the return airway. A 50% filling ratio causes nearly the same level of explosion violence as a 100% filling ratio. The characteristics of explosion propagation are similar whether the ignition source is located at the upper corner of the coal face or at the centre of the coal face. Some preventive measures may be taken to reduce the losses caused by gas explosions near superposition areas in underground coal mines.
INTRODUCTION
Gas explosion accidents in coal mines have occurred frequently since the industrial revolution [1] , and they are the most common type of accident that cause casualties in underground coal mines. Since 1949, 24 accidents with more than a hundred fatalities per incident have occurred in China's national coal mines; 18 of these accidents, or 75% of the total, involved gas or combined gas and coal dust explosions. In recent years, due to the further increases in the depth of the coal mines, the quantity of emitted gas has rapidly increased, generating more locations where gas accumulates or exceeds the limit. Therefore, the risk of gas explosions ignited by sparks has dramatically increased; the sparks may be produced by high-power mining equipment, development equipment, or conveyor belts. These occurrences may lead to an increase in the probability of gas explosions. Between 2000 and 2009, 237 gas explosion accidents occurred, killing 6522 miners in China.
Li et al. [2] analysed the 563 gas explosion accidents from 1988-2008 in China, and 232 of the gas explosion accidents occurred in the coal mining face , which accounted for 41 .2% of all of the possible places in an underground coal mine. On September 2, 2012, a gas explosion accident occurred at the Gaokang coal mine in the Jiangxi province of China, causing 15 deaths and injuring 11; the accident originated in a coal mining face. Once a gas explosion occurs at a coal mining face, two shockwaves are generated and subsequently propagate along the intake and return airways. When the two shockwaves completely destroy the air door connecting the intake airway with the return airway, the shockwaves will meet each other. Subsequently, an end-to-end pathway will be formed (Here, the scenario in which the two shock waves propagate in other directions is ignored.).
Many researchers have already carried out in-depth studies on combustible gas explosions and shock wave damage [3] [4] [5] [6] [7] [8] [9] [10] . A brief introduction to gas explosion safety was presented by Bjerketvedt et al. [11] , and the body of knowledge about flame acceleration and the deflagration-to-detonation transition (DDT) in smooth ducts, as well as ducts equipped with turbulence-producing obstacles, was reviewed by Ciccarelli and Dorofeev [12] . Explosions in pipes with a bend were studied using experiments and numerical simulations [13] [14] [15] [16] [17] . An interesting study about shockwaves and detonation propagation through U-bend tubes was carried out by Frolov et al. [18] [19] . Propane-air explosions were also carried out in coiled pipes and pipes with multiple U-shaped bends [20] . The effect of experimental scale on the degree of similarity with real-world incidents was demonstrated for a methane-air explosion and its shock wave in a gallery based on numerical simulations [21] . The explosions of two shock waves under shallow water were simulated, demonstrating that the blasting power was greatly increased because the two shock waves interacted [22] [23] .
Obviously, these previous results with gas explosions were primarily obtained by assuming the pathway was a one-dimensional straight pipe [24] [25] [26] [27] [28] [29] . Few published works examined gas explosions in pipes with one or more bends. However, the methane-air explosions in an end-to-end pipe have not been studied. In addition, research into the opposing propagation characteristics of two shockwaves remains unreported. The end-to-end pathway is a typical arrangement in a coal mining face, and research concerning methane-air explosions occurring in the coal mining face is critical. Because the AutoReaGas software was both readily available and reliable [3, 21, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , the methane-air explosion characteristics of an end-to-end pathway were studied with AutoReaGas software to provide theoretical guidance for the prevention and control of gas explosions in underground coal mines.
COMPUTATIONAL NUMERICAL METHOD AND MODEL

Numerical method
Numerical simulation is performed with a 3D computational fluid dynamics software developed by the Century Dynamics Company of American and the TNO of Netherlands called AutoReaGas. The software is mainly used to simulate flammable gas explosions and the subsequent blast effects. The explosion types modelled by AutoReaGas consist primarily of deflagrations, rather than detonations. The reliability of the AutoReaGas software has been verified. For example, in the famous BFETS test, the simulation results agreed acceptably with the experimental data. The computational results acquired with the AutoReaGas software were satisfactory for the relatively slow, turbulent deflagration regimes when compared with the available experimental data [34] . Using the experimental results, the AutoReaGas code was calibrated, enabling the construction of accurate simulations in similar geometries and the calculation of the pressure load on the structure at any point in the simulated space [3] .
Governing equations and combustion model
The basic conception of a gas deflagration is mathematically modelled as a perfect gaseous fluid that expands when heat is added. The gas dynamics are formulated as a set of conservation equations for mass, momentum, and energy. In Cartesian tensor notation, they are [9] : Mass
Fuel mass fraction (4) Turbulence is a central factor for the mechanism of a gas explosion simulated with a k-ε model consisting of conservation equations for turbulent kinetic energy (k) and dissipation rate (ε).
Turbulence [12, 40] :
where (7) and ρ = density, u i = particle velocity in coordinate direction i, p = static pressure, E = C v T + m fu H c = energy, k = turbulent kinetic energy, ε = dissipation rate of turbulent kinetic energy, m fu = fuel mass fraction, µ t = C µ ρk 2 /ε = turbulent viscosity, R fu = volumetric combustion rate, C v = specific heat (constant volume), T = temperature, H c = heat of combustion of fuel, Γ * = µ t /(σ) * = turbulent diffusion coefficient for transportive property * , (σ) * = turbulent Prandtl number for transportive property * , δ ij = Kronecker delta, i and j = co-ordinate direction, and C 1 , C 2 and C µ = turbulence modeling constants. The turbulence intensity u′ and the characteristic length scale L t are constructed from k and ε as follows [41] : (8) The empirical relationship between the turbulent burning speed, the turbulence parameters, and the mixture properties is the following [42] : (9) where S t = turbulent burning speed, u′ = turbulence intensity, L t = turbulence characteristic length scale (integral scale), S l = laminar burning velocity of flammable mixture, and v = kinematic viscosity of flammable mixture.
Experimental verification
To validate the numerical results with experimental data, an experimental apparatus was constructed, and numerical calculations simulating the experimental conditions were conducted.
The length of the experimental pipe was 5.0 m with a cross-section of 0.08 m × 0.08 m, and the two ends of the pipe were closed. The volumetric concentration of methane in the methane/air mixture was approximately 10%. Nine pressure sensors were placed
along the pipe at 0.5 m intervals. Ignition was actuated at a closed end with a 2-J combustion engine spark plug. According to the experimental conditions, the methane/air explosion and its blast process were simulated using AutoReaGas. The numerical model was compared with the experimental results as displayed in Figure 1 . The relative error between calculated and experimental peak overpressures is presented in Table 1 . The numerical simulation agreed closely with the experimental results. The maximum relative error between numerical and experimental results was 8.44%. The experimental pressure of methane/air explosion had some internal error due to the precision and sensitivity of the pressure sensors. Therefore, the relative error between the calculated and the experimental results may arise from both experimental limitations and the numerical simulation. Comparison between the AutoReaGas software model and the experimental results. 
Numerical model and conditions
First, a computational domain of 2 m × 4 m × 0.08 m along x, y, and z axes was specified by the AutoReaGas software. Next, an object with dimensions of 1.84 m × 3.84 m × 0.08 m along x, y, and z axes with the same origin in the computational domain was added. The space formed between the two cuboids was an end-to-end pathway simulating a coal mining face, as illustrated in Figure 2 . The cross-sectional area of the roadway was 0.08 m × 0.08 m, the width of the coal face was 2 m, the lengths of the intake airway and the return airway were both 4 m, and the mining height was 0.08 m.
The roadway walls were all closed, and their boundaries were assumed to be adiabatic and frictionless; specifically, the coefficients of thermal conductivity and the friction coefficient were zero. The explosion gas was a mixture of methane and air with a 10% fuel concentration and had a uniform distribution within the whole or half part roadway; the half part roadway refers to a roadway filled with the flammable gas in a 0 ~ 2 m (xaxis), 0 ~ 2 m (y-axis), and 0 ~ 0.08 m (z-axis) area. An initial temperature of 288 K and pressure of 101.3 kPa were selected for the simulations. By arranging 32 gauges along the cross-sectional centre of the roadway, the overpressure, the density, the temperature, the gas velocity, and the combustion rate of the gas explosion were monitored. There were 40, 80, and 8 grids along the x, y, and z directions, yielding 25600 grids and 29889 nodes in total (The grid size was small enough to exceed the limit of AutoReaGas software.). The small initial laminar flame was described as a spherical flame with a radius of 5.5 × 10 -3 m by default. The maximum computational cycle was set at 20000, and the termination time was 20 s. The governing equations and the k-ε turbulence model of the gas deflagration were presented in detail by Jiang et al. [9] . During these simulations, the turbulent kinetic energy k was set at 1.0 × 10 -5 J, and the dissipation rate of the turbulent kinetic energy ε was 1.0 × 10 -5 . The ignition was enacted at two different points: one at point O to simulate a gas explosion occurring at the coalface centre, and the other at point A to simulate a gas explosion occurring at the upper corner of a coal mining face. End-to-end pathway model of a coal mining face generated with AutoReaGas software (unit: cm).
RESULTS AND DISCUSSION
Explosion characteristics when ignition was acted at point O
End-to-end pathway filled with gas
After the methane/air mixture filling in the system is ignited at point O, corresponding to the coalface centre, and the profiles of the maximum overpressure versus distance along the intake and return airways from the ignition source are presented in Figure 3 .
The maximum overpressure at T 1 is 1.15 MPa, and this value gradually decreases as the distance from the ignition source increases. At point T 5 or T 20 (the first turning point), the extent of the decrease in overpressure reduces noticeably due to the reflection generated on the turning wall. After this point, the maximum overpressure decreases steadily as the distance increases and reaches a minimum of 0.72 MPa (at point T 10 ) or 0.78 MPa (at point T 25 ), 3.41 m from the ignition source. Because the two shock waves propagate along the opposing intake and return airways, the unburned gas is compressed, enhancing the disturbance. These trends increase the maximum overpressure, which gradually reaches 1.02 MPa (at point T 13 ) or 1.01 MPa (at point T 28 ) at the second turning point. Because the gas was continuously consumed, the maximum overpressure increases slowly. The overpressure reaches 1.024 MPa at point T 16 or 1.019 MPa at point T 31 , and it increases to 1.03 MPa at point T 32 , which is the centre of the connected pathway. At this point, the combustible gas is depleted; therefore, the increase in the overpressure indicates that the two shock waves along the intake airway and the return airway generate a positive superposition effect. According to the changes in the maximum overpressure, when the distance from the ignition source increases, the maximum overpressure gradually decreases at first to reach its minimum 3.41 m from the ignition source; afterward, the overpressure begins to rise and increases dramatically when the two shockwaves collide. In addition, these results indicate that the maximum overpressures at corresponding points in the intake and return airways are similar. The absolute and relative differences between the overpressure values are listed in Table 2 ; the maximum absolute difference is 0.0548 MPa, and the maximum relative difference is 7.06%. Therefore, the maximum overpressures along the intake airway are nearly identical to the values along the return airway.
Figure 3.
Profiles of the computed maximum overpressure versus distances along the intake and return airways from the ignition source located at the centre of the coalface (point O) when the entire pathway was filled with gas. Comparison of the maximum computed overpressures between the intake and return airways when the entire pathway was filled with gas and the ignition source was located at the centre of the coalface (point O). Figure 4 displays the profiles of the maximum density, temperature, combustion rate, and gas velocity (propagation direction) versus distances along the intake and return airways from the ignition source. The changes in the density, temperature, combustion rate, and gas velocity along the intake airway are similar to the analogous changes along the return airway.
Figure 4.
Profiles of the maximum (a) computed density, (b) temperature, (c) combustion rate, and (d) gas velocity (propagation direction) versus the distances along the intake and return airways from the ignition source located at the centre of the coalface (point O) when the entire pathway was filled with gas.
The profiles of overpressure-time, density-time, temperature-time, combustion ratetime, and gas velocity-time at points of T 31 , T 16 , and T 32 are presented in Figure 5 . The combination of data from Figures 3, 4 , and 5 indicate that the maximum overpressures, densities, and combustion rates at point T 32 are larger than the corresponding values at points T 31 and T 16 ; however, the maximum temperature at point T 32 is lower than the maximum at point T 16 . Therefore, when the two shock waves along the intake and return airways form the superposition effect at point T 32 , the maximum overpressure, density, and combustion rate increase and exceed the measurements at points T 31 and T 16 . However, the opposing gas flow generates a lower maximum gas velocity at point T 32 than at points T 31 or T 16 . Because the gas is continuously consumed, the flame fronts along the intake and return airways meet at point T 32 . At the moment of collision, the overpressure, density, and combustion rate have already decreased, and therefore the maximum temperature at T 32 is lower than at T 31 or T 16 .
Figure 5.
Profiles of computed (a) overpressure-time, (b) density-time, (c) temperature-time, (d) combustion rate-time, and (e) gas velocity-time at the gauges of 31, 16, and 32 under the conditions that the whole roadway was full of gas and the ignition source was located at coalface centre (point O).
End-to-end pathway half-filled with gas
When the flammable gas only half-fills half the end-to-end pathway (filling ratio of 50%) and the ignition source is located at point O, the profiles of the maximum overpressure, density, temperature, and combustion rate versus distances along the intake and return airways from the ignition source are presented in Figure 6 . The changes in the overpressure, density, temperature, and combustion rate along the intake airway are similar to the same measurements along the return airway. To compare the maximum overpressures when the pathway is full versus half full of gas, the absolute and relative differences in the maximum overpressure are presented in Table 3 , with the points along the intake airway used as examples. This table indicates that the maximum absolute difference is 0.03016 MPa, and the maximum relative difference is 2.6025%; therefore, the maximum overpressures at the corresponding points are nearly the same whether the roadway is half-filled or filled with gas. When comparing Figure 6 with Figure 3 and Figure 4 , the changes in the maximum overpressure, density, temperature, and combustion rate relative to the increasing distance from the ignition point when the pathway is half filled with gas are similar to the analogous changes when the pathway is full of gas; the maximum overpressure also attains its minimum 3.41 m away from the ignition source.
Figure 6.
Profiles of the computed maximum (a) overpressure, (b) density, (c) temperature, and (d) combustion rate versus the distances along the intake and return airways from the ignition source located at the centre of the coalface (point O) when the pathway was half-filled with gas.
In some situations, a 30-50% filling ratio may generate the same pressure during an explosion as a completely filled system [11] ,. because, during an explosion, the burning gas expands, pushing the unburned gas ahead of the flame. Therefore, in an end-to-end pathway, the maximum overpressures at corresponding points are conserved whether the filling ratio is 50% or 100%. Table 3 : Comparison of computed maximum overpressures at 100% and 50% filling ratios when the ignition source was located at the centre of the coalface (point O), with points along the intake airway used as examples (Note: The filling ratio indicates that the flammable gas only partially fills the system at ignition and is expressed as the ratio of filling and total volumes).
Explosion characteristics when ignition was acted at point A 3.2.1. End-to-end pathway filled with gas
The profiles of the maximum overpressure versus the distances along the intake and return airways from the ignition source for the system filled with gas and ignited at point A, which is at the upper corner of coal mining face, are presented in Figure 7 . The maximum overpressure at point T 1 is 1.16 MPa. The changes in the overpressure indicate that the maximum overpressure decreases and increases with the distance, which is similar to the data in Figure 3 . The minimum overpressure occurs at 3.39 m (along the intake airway) or 3.43 m (along the return airway), which is quite similar to the distance (3.41 m) obtained in section 3.1.1. Afterward, the overpressure begins to increase. When the two shockwaves collide at point T 28 , the maximum overpressure increases from 1.048 MPa (at point T 27 ) or 1.052 MPa (at point T 29 ) to 1.057 MPa (at point T 28 ); the two shock waves along the intake and return airways form a positive superposition effect.
Figure 7.
Profiles of computed maximum overpressure versus the distances along the intake and return airways from the ignition source located at upper corner of the coal face (point A) when the whole system was full of gas. Figure 8 reveals the profiles of the maximum density, temperature, combustion rate, and gas velocity (propagation direction) versus the distances along the intake and return airways from the ignition source. The changes in the density, temperature, combustion rate, and gas velocity along the intake airway are similar to the analogous values along the return airway. The comparison between Figure 8 and Figure 4 indicates that the changes in the maximum density, temperature, combustion rate, and gas velocity when the ignition occurs at point A are nearly identical to the analogous changes when the ignition occurs at point O. 
End-to-end pathway half-filled with gas (only a half)
When the system is only half-filled with combustible gas and the ignition source occurs at point A, the profiles of the maximum overpressure, density, temperature, and combustion rate along the intake and return airways are presented in Figure 9 . The Figure 8 .
Profiles of the maximum computed (a) density, (b) temperature, (c) combustion rate, and (d) gas velocity (propagation direction) versus distances along the intake and return airways from the ignition source located at the upper corner of the coal face (point A) when the whole system was full of gas.
Figure 9.
Profiles of the maximum computed (a) overpressure, (b) density, (c) temperature, and (d) combustion rate versus the distances along the intake and return airways from the ignition source located at upper corner of the coal face (point A) when the system was half-filled with gas.
changes in the overpressure, density, temperature, and combustion rate along the intake airway are similar to the analogous properties along the return airway. The comparison of the data in Figure 9 with the contents of Figure 7 and Figure 8 indicate that the changes in the maximum overpressure, density, temperature, and combustion rate relative to the increasing distance when the system is half-filled with gas are also nearly identical to the analogous changes when the system is full of gas; the maximum overpressure obtains its minimum approximately 3.4 m from the ignition source. These results are also similar to the results when the ignition source occurs at point O, validating the two data sets.
Verification of numerical results with experimental data
We constructed a pipe mimicking the computation model and carried out a large number of methane/air explosion experiments. The layout of this test pipe and transducer is presented in Figure 10 (Modified from Zhu [43] ). When the ignition was enacted at the pipe head (point F), the profiles of the flame arrival time and peak overpressure versus distance from the ignition source are presented in Figure 11 (Modified from Zhu [43] ). The peak overpressure increase slowly before the second bifurcation point (point C), where the overpressures begin to increase significantly. The flame speeds, which are calculated using the reciprocal of the slopes of the flame arrival time-distance curve in the two branches of parallel pipe, are so close that they collide at the second bifurcation point (point C). Therefore, the explosion energy may increase at this point, causing a more violent explosion and higher overpressure. In the experimental pipe, which has two branches of equal length, the superposition position of two shock waves is a bifurcation point. However, the end-to-end roadway has no bifurcation point, and therefore the superposition effect of two shock waves is unaffected. Despite this difference, the experimental results are similar to the data obtained from the AutoReaGas numerical simulation, verifying the numerical results. 
CONCLUSIONS
From the results obtained, the following conclusions can be drawn: 1) After a methane/air mixture with a 10% fuel concentration and a 100 or 50% filling ratio is ignited at the centre or upper corner of the coal face in an endto-end pathway with a cross-sectional area of 80 mm × 80 mm, width of 2 m, and length of 4 m, the maximum overpressure initially decreases when the distance from the ignition source increases, reaching the minimum at approximately 3.4 m from the ignition before the overpressure begins to increase. When the shock waves along the intake and return airways collide, the overpressure increases further.
2)
The shock waves along the intake and return airways may form a positive superposition effect when they meet at a superposition point. The maximum overpressure, density, and combustion rate are larger at this point than any adjacent points.
3)
The changes in the maximum overpressure, density, temperature, combustion rate, and gas velocity along the intake airway are similar to analogous values along the return airway. The changes in the maximum overpressure, density, temperature, and combustion rate when the system is half-filled with gas are nearly identical to the analogous changes when the pathway is full of gas. Similarly, these trends are conserved whether the ignition occurs at the upper corner or centre of the coalface.
